Background and Objective Abiraterone acetate is approved for the treatment of metastatic castration-resistant prostate cancer. The originator abiraterone acetate (OAA) formulation is poorly absorbed and exhibits large pharmacokinetic variability in abiraterone exposure. Abiraterone acetate fine particle (AAFP) is a proprietary formulation (using SoluMatrix Fine Particle Technology TM ) designed to increase the oral bioavailability of abiraterone acetate. Here, we report on two phase I studies in healthy male subjects aged 18-50 years. Methods In Study 101, 20 subjects were randomized in a crossover design to single doses of AAFP 100, 200, or 400 mg or OAA 1000 mg taken orally under fasting conditions. Results suggested that AAFP 500 mg would be bioequivalent to OAA 1000 mg in the fasted state. To confirm the bioequivalence hypothesis and to further expand the AAFP dose range, in Study 102, 36 subjects were randomized in a crossover design to single doses of AAFP 125, 500, or 625 mg or OAA 1000 mg. Both studies included a 7-day washout period between administrations. Results Dose-dependent increases in the area under the plasma concentration-time curve and maximum plasma concentration with AAFP were observed in both studies. The AAFP 500-mg bioavailability relative to OAA 1000 mg measured by the geometric mean ratio for area under the plasma concentration-time curve from time zero to the time of the last quantifiable concentration was 93.4% (90% confidence interval 85.3-102.4), area under the plasma concentration-time curve from time zero to infinity was 91.0% (90% confidence interval 83.3-99.4), and maximum plasma concentration was 99.8% (90% confidence interval 86.3-115.5). Dose proportionality was seen across all AAFP dose levels (100-625 mg). Abiraterone acetate fine particle was found to be safe and well tolerated in this study. Conclusion Abiraterone acetate fine particle 500 mg was demonstrated to be bioequivalent to OAA 1000 mg in healthy volunteers under fasted conditions.
Introduction
Prostate cancer is the second most common cancer in men [1] , with an estimated 180,890 new cases of prostate cancer projected for 2016 in USA and 26,120 projected deaths [2] . Androgen activity affects the development of prostate cancer, a finding that has led to therapies that target the synthesis and signaling of these steroid hormones [3] . Once prostate cancer has advanced to metastatic disease, androgen deprivation therapy is employed. However, drug resistance is of serious concern, as further progression of prostate cancer can lead to the lethal phenotype of castration-resistant prostate cancer [4] .
Abiraterone is a selective inhibitor of 17a-hydroxylase/ C17, 20-lyase, a key enzyme in androgen synthesis, which reduces the level of circulating androgens [5] . Abiraterone acetate is a prodrug for abiraterone. Studies of the originator abiraterone acetate (OAA) tablets (Zytiga Ò ) were conducted in healthy subjects and in patients with prostate cancer. Phase I dose-escalation studies of OAA in prostate cancer patients indicated that it is generally safe and well tolerated and has antitumor activity at tested doses (250-2000 mg) [6] . Abiraterone exposure was observed to approach saturation and not significantly increase beyond the 1000-mg dose [7] . Large variability in abiraterone exposure has also been observed in healthy subjects dosed with single doses of OAA [8] .
SoluMatrix Fine Particle Technology TM is intended to increase the in vivo dissolution rate of lipophilic, poorly water-soluble active pharmaceutical ingredients and to improve the low oral bioavailability, high pharmacokinetic variability, and food effects often associated with these types of compounds. In the present study, the pharmacokinetic characteristics and safety profile of abiraterone acetate fine particle (AAFP) tablet formulated using SoluMatrix Fine Particle Technology TM were compared with the reference drug, OAA, in healthy male adults.
Methods

Study Population
Normal healthy male subjects aged 18-50 years with a body mass index between 18 and 30 kg/m 2 who met additional inclusion/exclusion criteria were enrolled in the studies. Subjects were in good health based on physical examination and laboratory test results. No concomitant medication use was noted for any subject during the study. Subjects with a recent history (i.e., within the previous year) of mental illness, drug addiction or abuse, or alcoholism, or the use of any drugs known to induce or inhibit hepatic drug metabolism within 30 days of planned dosing were excluded. All enrolled subjects were negative for abused drugs and alcohol at screening and in repeat testing the day prior to dosing of the investigational medical product.
Study Design
Study 101 and Study 102 were both single-dose, randomized, open-label, four-period, four-treatment crossover studies performed under fasted conditions, and they were conducted at a single center in USA (PAREXEL International Early Phase Clinical Unit, Baltimore, MD, USA). The test drugs in this study were administered orally. Study 101 was conducted between 11 February, 2014, and 7 April, 2014. Study 102 was conducted between 10 October, 2014, and 9 December, 2014. For Study 101 (n = 20) and Study 102 (n = 36), the subjects met all the eligibility criteria and were subsequently included and randomized in the study. All subjects provided written informed consent and the study was approved by the Aspire Institutional Review Board (Santee, CA, USA).
Study 101 was divided into a screening phase of up to 28 days followed by four sequential 1-day treatment periods, with an intervening 7-day washout period scheduled between administrations. The total study duration was approximately 52 days, including the screening period. The AAFP tablets were given as single doses of 100, 200, and 400 mg, and OAA was given as a single dose of 1000 mg.
Study 102 was divided into a screening period of up to 28 days followed by four sequential 1-day treatment periods, with an intervening 7-day washout period between administrations. The maximum study duration for each subject was approximately 54 days. The AAFP 125-mg tablets were given as single doses of 125, 500, and 625 mg, and OAA was given as a single dose of 1000 mg.
For both studies, enrolled subjects were allocated randomization numbers sequentially and then randomly allocated to sequence groups according to a pre-generated randomization schedule. A single standard dose of OAA 1000 mg (4 9 250-mg tablets) was administered to subjects. All abiraterone acetate doses were given after an overnight fast, and no food was consumed until 4 h after dosing. There was no placebo control group for either study because each subject served as his own control.
The AAFP tablets were manufactured by Mayne Pharma Group Ltd for Churchill Pharmaceuticals LLC. SoluMatrix Fine Particle Technology TM is licensed from iCeutica, Inc. to Churchill Pharmaceuticals LLC for the use of AAFP. The OAA tablets were obtained commercially.
Pharmacokinetic Evaluation Criteria
For the determination of abiraterone concentrations, blood samples were collected prior to dosing (0 h for Study 101, -0.75 h for Study 102) and at 0.25, 0.50, 1.00, 1.50, 2.00, 3.00, 4.00, 6.00, 8.00, 12.00, 24.00, and 48.00 h post-dose. For Study 102, blood samples were also collected at 72.00 h post-dose.
Blood Sample Collection and Bioanalytical Assay
Blood samples (approximately 6 mL) for pharmacokinetic analyses were collected into 6-mL tripotassiumethylenediaminetetraacetic acid-containing tubes. Blood samples were immediately placed on ice. Plasma was separated by centrifugation at 4°C, transferred to appropriately labeled polypropylene specimen containers, frozen at -20°C within 1 h of collection, and then stored at -20°C. Samples were shipped on dry ice to the bioanalytical laboratory for analysis. Plasma samples were analyzed for abiraterone concentrations using a validated bioanalytical assay (Sannova Analytical, Somerset, NJ, USA). The samples were extracted using the liquid-liquid extraction method and analyzed using reverse-phase liquid chromatography. The analytes were detected using tandem mass spectrometry. The lower limit of quantitation for abiraterone was 0.651 ng/mL. The upper limit of quantitation for abiraterone was 203.519 ng/mL. A calibration curve consisting of two control blanks, two zero standards, and ten non-zero calibration standards covering a concentration range of 0.651-203.519 ng/mL for abiraterone were analyzed with every sample batch. Quality control standards for abiraterone were also analyzed with every sample batch. Internal standard peak area ratio values were used to set up the calibration curve and to determine quality control and unknown sample concentrations. Linear regression for abiraterone was used to obtain the best fit of the data for the calibration curve.
Pharmacokinetic Analysis
The following plasma pharmacokinetic parameters were determined: the area under the plasma concentration-time curve (AUC) from time zero to the time (t) of the last quantifiable concentration (C t ) [AUC 0-t ], as calculated by the linear trapezoidal method; AUC from time zero to infinity (AUC 0-? ); maximum measured plasma concentration (C max ); time to maximum measured plasma concentration (t max ); apparent elimination rate constant (K e ) as determined by linear regression of the terminal points of the log-linear concentration-time curve; and apparent elimination half-life (t ) calculated as log e (2)/K e or 0.693/ K e .
Safety Assessments
All subjects who received at least one dose of abiraterone acetate were included in the safety population. Assessments included physical examinations, recording of vital signs, electrocardiography, clinical laboratory testing (hematology, biochemistry, and urinalysis), and adverse event (AE) assessments. Concomitant medications were assessed throughout the clinical study.
Sample Size
For Study 101, previous studies in healthy subjects indicated that following a single 1000-mg dose of OAA, the AUC 0-? was approximately 500 ngÁh/mL with a standard deviation (SD) of approximately 300. It was estimated that 18 subjects would be able to provide a statistical power of 90% to detect a 50% difference in the reference mean between a test and reference dose at the 0.05 level (twosided) using a paired t test. The clinical study planned to randomize 20 subjects for the four-way crossover design without replacement.
For Study 102, results from Study 101 indicated that the estimated within-subject between-formulation r (log scale) was about 0.08 for AUC parameters. Assuming that the true AUC mean of a test treatment was within the 95% region of the reference, a sample size of 32 subjects or more with a two-way analysis of variance (ANOVA) model for bioequivalence assessment would have at least 80% power to reject the null hypothesis of bio-inequivalence at the level of 0.05. Taking dropouts into consideration, 36 subjects were planned to be randomized and dosed without replacement.
Statistical Analysis
A parametric general linear model was applied to the pharmacokinetic parameters of AUC, C max , t max , t , and K e . An ANOVA for a crossover design was used to examine the differences among the doses (100, 200, and 400 mg AAFP and 1000 mg OAA in Study 101; 125, 500, and 625 mg AAFP and 1000 mg OAA in Study 102) under fasted conditions. The AUC and C max parameters of AAFP 500 and 625 mg and OAA 1000 mg were compared and analyzed on a natural logarithm scale using a three-way ANOVA model with sequence, subject within sequence, treatment, and period as the classification variables to assess relative bioavailability in Study 102 using the bioequivalence approach. To determine bioequivalence, AUC and C max parameters were analyzed on a log scale. The two one-sided t test hypotheses were tested at the 0.05 level by constructing a 90% confidence interval (CI) for the geometric mean ratio. Bioequivalence was concluded if the 90% CIs of the ratios were within 0.80-1.25 for AUC and C max parameters. For dose proportionality, C max and AUC parameters were examined among AAFP doses ranging from 100 to 625 mg for both studies pooled, using a power model, P = a 9 Dose b , where P represents C max or AUC, and a and b are constants. A value of b approximately equal to 1 was used to establish linearity or dose proportionality over the dose range under study.
Results
Subject Baseline Characteristics and Disposition
Demographic characteristics for both studies are shown in Table 1 . For Study 101, 20 subjects met all the eligibility criteria and were subsequently included and randomized to one of the four dose schedules. Seventeen of the randomized subjects (85%) received all four doses, one subject received three doses, and two subjects received two doses of abiraterone acetate.
For Study 102, 36 subjects met all eligibility criteria and were included and randomized to one of the four dose schedules. Thirty-three randomized subjects (91.7%) received all four doses, one subject received three doses, and two subjects received two doses of abiraterone acetate. Minor protocol deviations were recorded for subjects in both studies during the course of the assessments, but they did not affect the outcomes or interpretations of the study results.
Pharmacokinetic Parameters of AAFP
Study 101
Following administration of AAFP (100, 200, and 400 mg), plasma concentrations of the drug increased rapidly (Fig. 1a, b) . Mean peak concentrations were observed at approximately 1.5-2.0 h post-dose, followed by a gradual decline at or below the lower limit of quantification by 48 h post-dose. For OAA 1000 mg, concentrations also peaked at 2.0 h post-dose and were near the lower limit of quantification at 48 h post-dose.
There was a dose-dependent increase in the AUC and C max ( Table 2) . For AAFP 100, 200, and 400 mg, AUC 0-? was 74.5, 183.3, and 319.9 ngÁh/mL (421.2 ngÁh/mL for OAA); AUC 0-t was 67.6, 170.0, and 302.9 ngÁh/mL (387.3 ngÁh/mL for OAA); and C max was 17.3, 39.1, and 65.4 ng/mL (79.5 ng/mL for OAA), respectively. The median t max for the three AAFP doses ranged from 1.5 to 2.0 h (2.0 h for OAA). The mean t increased with dose for AAFP and was 4.7, 7.8, and 8.8 h for the 100-, 200-, and 400-mg doses, respectively (14.5 h for OAA). Analysis of dose proportionality, using the bioequivalence approach, for AAFP 100-and 400-mg doses compared with the 200-mg dose is shown in Online Resource 1. The drug exposure parameters (AUC and C max ) for the highest dose of AAFP (400 mg) were only 18-24% below those for OAA 1000 mg, suggesting that a single 500-mg dose of AAFP should be bioequivalent to a single 1000-mg dose of OAA under fasted conditions.
Study 102
The dose range in Study 102 was expanded to include AAFP 125-, 500-, and 625-mg doses and compared with OAA 1000 mg as a reference. Following a single-dose administration of each of the three doses of AAFP (125, 500, and 625 mg), plasma concentrations of abiraterone increased with increasing doses (Fig. 1 c, d ). The curve for AAFP 500 mg overlapped with the curve for OAA. Peak levels occurred approximately 2 h post-dose for all doses. This pattern was also observed for individual subjects receiving each dose of AAFP. Table 3 shows the arithmetic means for AUC 0-? , which were 112.1, 438.02, and 473.31 ngÁh/mL for AAFP 125, 500, and 625 mg, respectively, compared with 453.2 ngÁh/mL for OAA 1000 mg. The AUC 0-t means were 102.6, 416.2, and 450.2 ngÁh/mL for AAFP 125, 500, and 625 mg, respectively, compared with 415.9 ngÁh/mL for OAA. Maximum plasma concentration means were 28.2, 84.2, and 100.8 ng/ mL for AAFP 125, 500, and 625 mg, respectively, compared with 83.4 ng/mL for OAA. Comparisons of AUC and C max values for AAFP 125, 500, and 625 mg and OAA 1000 mg BMI body mass index, SD standard deviation are shown graphically in Fig. 2 . The median t max was similar at 1.5 h at all AAFP doses compared with 2.0 h for OAA. The median t max for both the AAFP 500-and 625-mg doses (Table 3 ) compared with OAA was not statistically significant (AAFP 500 mg vs. OAA 1000 mg, P = 0.2301; AAFP 625 mg vs. OAA 1000 mg, P = 0.3041) as determined by the Wilcoxon signed rank test. The elimination half-life for AAFP 500 mg and 625 mg was 14.1 and 14.5 h, respectively, vs. 20.6 h for OAA 1000 mg. The difference in t between AAFP 500 and 625 mg and OAA 1000 mg was statistically significant (P \ 0.0001) as determined by the Wilcoxon signed rank test. Bioequivalence analyses of AAFP 500-and 625-mg test doses compared with OAA 1000 mg are shown in Table 4 . The relative bioavailability of 500 and 625 mg of AAFP, calculated by the geometric mean ratio of AUC, indicated that a single dose of 500 or 625 mg of AAFP was bioequivalent to a 1000-mg single dose of OAA, based on the predefined bioequivalence criteria of 90% CI within 0.80-1.25. By these same criteria, a single dose of 500 mg of AAFP was also bioequivalent to a single dose of OAA 1000 mg in terms of C max . However, 625 mg of AAFP was not bioequivalent (90% CI 1.02-1.37) for peak (C max ) abiraterone exposure.
Analysis of dose proportionality of AAFP, using the bioequivalence approach, is shown in Table 5 . Area under the plasma concentration-time curve parameters for AAFP 125 vs. 500 mg fell within the recommended 90% CI (0.80-1.25 limit) of the geometric mean ratios for bioequivalence, but C max did not. However, for AAFP 625 mg vs. 500 mg, the 90% CIs of the geometric mean ratios for both AUC and C max were within the limits of bioequivalence.
AAFP Dose Proportionality
The dose proportionality of AAFP 100-, 125-, 200-, 400-, 500-, and 625-mg doses across Study 101 and Study 102 was evaluated using a power model (P = a 9 Dose b ) of linearity analysis. The results are shown in Table 6 . The findings indicate that constant b was 0.986 (95% CI 0.864-1.109) for AUC 0-? , 1.015 (95% CI 0.888-1.142) for AUC 0-t , and 0.865 (95% CI 0.735-0.995) for C max , indicating a high degree of linearity (b value of approximately 1), which suggests dose proportionality of abiraterone in the range of 100-625 mg of AAFP. 
Safety
Treatment-emergent AEs related to either AAFP or OAA were mostly mild in intensity (grade 1) for both studies. However, three subjects experienced moderate-intensity (grade 2) AEs (upper respiratory tract infection, headache, and increased transaminase). All treatment-emergent AEs were resolved by the end of the studies, with the exception of one subject who was discontinued from the study because of neutropenia following a dose of the OAA. The outcome for this subject was unknown. There were no serious AEs or deaths during the studies.
Discussion
The main finding in this report was that a single dose of AAFP 500 mg was bioequivalent to the recommended dose of OAA 1000 mg [7] , thus demonstrating that a 50% lower dose of AAFP produces equivalent pharmacokinetics as OAA. The AAFP formulation displayed dose proportionality over the wide range of doses (100-625 mg) that were tested. With regard to drug exposure, the relative bioavailability of a single AAFP 500-mg dose under fasted conditions was approximately 90-100% compared with a single dose of OAA 1000 mg. Furthermore, the AAFP AAFP abiraterone acetate fine particle, AUC 0-? area under the plasma concentration-time curve from time zero to infinity, AUC 0-t area under the plasma concentration-time curve from time zero to the time of the last quantifiable concentration, C max maximum plasma concentration, CV% coefficient of variation expressed as percent, K e apparent elimination rate constant, N number of subjects included in the pharmacokinetic population for each treatment, OAA originator abiraterone acetate, SD standard deviation, t elimination half-life, t max time to maximum plasma concentration a AAFP 100 mg (1 9 100 mg), 200 mg (2 9 100 mg), 400 mg (4 9 100 mg), and OAA 1000 mg (4 9 250 mg) under fasted conditions 500-mg dose was bioequivalent to OAA based on the 90% CI of the geometric mean ratio of AUC and C max parameters. Pooled pharmacokinetic values for OAA 1000 mg [AUC 0-? 503 ngÁh/mL (SD 299); C max 94 ng/mL (SD 58.6)] [9] from previous clinical trials in healthy subjects were within the range of values for OAA 1000 mg and AAFP 500 mg in this study. Although a large proportion of the study sample was healthy African-American volunteers, racial differences in drug metabolism should not impact our findings because in this crossover study the same subjects received the different dose levels of AAFP and the 1000-mg dose of the reference drug (OAA). Therefore, we do not believe that the comparisons between OAA and the various AAFP doses were affected. In addition, AAFP was safe and well tolerated at all doses tested (100-625 mg), under the conditions of these studies. Following a single dose of AAFP from 125 to 625 mg under fasted conditions, the median t max was approximately 1.5 h post-dose, compared with a median of 2.0 h for OAA 1000 mg, and was in agreement with previously reported t max for OAA 1000 mg [9] . The mean t of abiraterone across the previous clinical studies was 15.2 h, with across-study variation from 12.7 to 19 h [9] . In healthy subjects under fasted conditions in Study 102, AAFP abiraterone acetate fine particle, AUC 0-? area under the plasma concentration-time curve from time zero to infinity, AUC 0-t area under the plasma concentration-time curve from time zero to the time of the last quantifiable concentration, C max maximum plasma concentration, CV% coefficient of variation expressed as percent, K e apparent elimination rate constant, N number of subjects included in the pharmacokinetic population for each treatment, OAA originator abiraterone acetate, SD standard deviation, t elimination half-life, t max time to maximum plasma concentration a AAFP 125 mg (1 9 125 mg), 500 mg (4 9 125 mg), 625 mg (5 9 125 mg), and OAA 1000 mg (4 9 250 mg) under fasted conditions The 90% CI fell within the recommended 0.800-1.250 limits of bioequivalence when analyzed on a log scale the t was 14.1 h for AAFP 500 mg vs. 20.6 h for OAA 1000 mg, indicating that OAA 1000 mg takes more time to be completely eliminated from the body than AAFP 500 mg. At present, the mechanistic basis for the differences in t between AAFP and OAA is unknown, because the same healthy subjects within each study crossed over to the different AAFP dose levels and the 1000-mg dose of OAA (the same subjects were given AAFP and OAA).
Absorption is a function of many factors including dissolution rate, site of absorption, gastrointestinal transit time, concentration gradient, presence of food, and dose [10] . Reduced particle size leads to an enhanced surface area, and this in turn leads to an enhanced rate of dissolution and absorption [11, 12] . The absorption of OAA is reported to be nearly saturated at a dose of 1000 mg [7, 8] . In contrast, the results with AAFP in the current study show continued increased absorption above a single AAFP 500-mg dose; i.e., at AAFP 625 mg. Namely, a single dose of 625 mg of AAFP delivered a higher C max and AUC than 1000 mg of OAA. Higher levels of absorption with AAFP have the potential for clinical benefit in patients with poor absorption or low or no response to OAA. This warrants further exploration. SoluMatrix Fine Particle Technology TM produces drug particles 200-800 nm in diameter, which increases the drug particle surface area relative to its mass [13] . The manufacturing process, which does not alter the active therapeutic ingredient, was previously shown to promote rapid absorption of new formulations of diclofenac and meloxicam [11, 12] . The present study in healthy subjects indicates that the use of SoluMatrix Fine Particle Technology TM enhances the bioavailability of abiraterone acetate. An ongoing study (ClinicalTrials.gov Identifier: NCT02737332) will assess the pharmacokinetics and pharmacodynamics of AAFP 500 mg vs. OAA 1000 mg in patients with metastatic castration-resistant prostate cancer.
The limitations of the study include the single dosing of AAFP and OAA, and the use of healthy volunteers for the analyses. In addition, AAFP and OAA were tested under fasted conditions. A subsequent study will analyze the bioavailability of AAFP under fed vs. fasted conditions.
Conclusion
A single AAFP 500-mg dose was bioequivalent to OAA 1000 mg in healthy subjects under fasting conditions. Thus, the proprietary AAFP formulation using SoluMatrix Fine Particle Technology TM allows for the same systemic exposure to be achieved with 50% less drug relative to the recommended dose of OAA 1000 mg. The 90% CI fell within the recommended 0.800-1.250 limits of bioequivalence when analyzed on a log scale AAFP abiraterone acetate fine particle, AUC 0-? area under the plasma concentration-time curve from time zero to infinity, AUC 0-t area under the plasma concentration-time curve from time zero to the time of the last quantifiable concentration, CI confidence interval, C max maximum plasma concentration, PK pharmacokinetic
